Bacteria, protozoa, and fungi have been shown to be the microorganisms involved in plant cell wall digestion in the rumen. However, due to the difficulty of separating each microbial group in the rumen, to difficulties in measuring fungal biomass, and to the complex nature of the rumen ecosystem, the precise role and overall contribution of each microbial group to the degradation and fermentation of plant cell wall material is not understood. In spite of complicated interrelationships among the microorganisms (e.g., bacteria, protozoa, and fungi) in the rumen ecosystem, bacteria are believed to play a major role because of their numerical predominance and metabolic diversity (7) . However, protozoa have been shown to digest from 25 to 30% of total fiber. The extent of the involvement of fungi, however, has not yet been estimated. Interaction effects between microorganisms can range from synergism to antagonism and depend on the microbial groups and species involved and the type of substrate used. In vitro examinations to estimate the roles that bacteria, protozoa, and fungi play in plant cell wall digestion in the rumen microbial ecosystem have been attempted. Nevertheless, many methodological problems remain, such as how to prepare the in vitro microbial suspensions and how to simulate the natural environment. Many kinds of artificial rumen ecosystems have been constructed. The objective of our experiments was to estimate the relative roles of bacteria, protozoa, and fungi in plant cell wall digestion under artificial circumstances using physical and chemical treatments to inhibit the growth of or to select for specific microbial groups.
MATERIALS AND METHODS
Preparations of cell wall fractions. The substrate used in these experiments was cell wall fractions of Orchard grass hay. It was ground and passed through a 1-mm-pore-size screen prior to being used to make cell wall component preparations (cell walls consisting largely of cellulose and hemicellulose). The ground material was boiled for 1 h in a 1% sodium dodecyl sulfate solution, and the insoluble residue (cell wall components) was extensively washed to remove other cellular components and detergent before it was dried.
Collection of rumen contents. Rumen contents used to fractionate the microbial group were collected from the rumen of a lactating Jersey cow (450 kg [live weight]). The animals were prepared with a permanent cannula into the rumen and were housed untethered in pens. Diets were fed in two equal meals at 06:00 and 16:00 h, and the ration consisted of 60% rolled barley, 22% dried alfalfa pellet, 16% canola meal (Ͻ1% salt plus dicalcium), and 2% corn steep powder. Water was available ad libitum, and animals received proprietary mineral and vitamin supplements in the form of licks. All samples isolated from the rumen were withdrawn 4 h after the morning ration had been consumed. Collected rumen contents were strained through four layers of cheesecloth and brought immediately to the laboratory.
Separation of microbial fractions. For the separation of microbial fractions from the rumen contents, we used physical and chemical treatments as shown in Fig. 1 . All subsequent operations were conducted under anaerobic conditions as described by Bryant (6) . Physical treatments involved homogenization, centrifugation, filtration, and heat sterilization. Strained rumen contents were homogenized by an electric mixer (Brinkmann homogenizer, Model-PT 10/35; Brinkmann Instruments Co., Geneva, Switzerland) and poured into a separating funnel that had been gassed with oxygen-free CO 2 . The sample was incubated under anaerobic conditions at 39°C for up to 60 min to allow small feed particles to buoy up and the microbial fraction to sediment at the bottom.
Small feed particles that had risen to the surface were removed by using a vacuum tube, and most of the lower liquid portion was then centrifuged at slow speed (150 ϫ g, for 5 min). The remaining residue was resuspended in microbefree-fraction (MFF) solution (see below) and used to prepare the protozoal fraction. The supernatant was carefully collected to prepare the whole rumen fluid fraction, the bacterial fraction, and the fungal fraction. The resuspended protozoal fraction was washed by centrifugation (500 ϫ g, 15 min) five times in the MFF solution in order to remove bacterial cells and fungal zoospores as completely as possible and finally resuspended in the same solution. A portion of the supernatant centrifuged at slow speed (150 ϫ g, 5 min) was used as the whole rumen fluid (positive system). Bacterial and fungal fractions were recovered from the other aliquots of the supernatant by centrifuging them at 12,000 ϫ g for 30 min. A portion of the supernatant was autoclaved and microfiltered using a sterilization filter (0.45 m [pore size]; Nalgene Co., Rochester, N.Y.) and is referred to as the MFF; it was used for the negative system or to suspend the collected cell fraction. The bacterial and fungal pellet was resuspended in MFF solution, gassed with oxygen-free CO 2 Culture conditions and treatments. The anaerobic culture techniques of Hungate as described by Bryant (6) were used for all incubations. The medium used in the experimental cultures was based on the liquid semidefined medium B of Lowe et al. (20) , except that antibiotics were omitted and soluble carbon sources were replaced with 75 mg of Orchard grass cell wall material. The following monocultural systems were prepared to evaluate the potential activities and relative contributions to degradation of Orchard grass cell wall by specific microbial fractions: a positive system (whole ruminal fluid without chemical treatment to measure activity of all microbial groups), a bacterial (B) system, a protozoal (P) system, a fungal (F) system, and a negative system (autoclaved ruminal fluid plus the antimicrobial agents listed above). The following cocultural treatments were also prepared to assess the interactions between specific microbial groups: a BϩP system (physically fractionated bacterial and protozoal groups plus antifungal agent), a BϩF system (physically fractionated bacterial and fungal groups plus antiprotozoal agent), and a PϩF system (physically fractionated protozoal and fungal groups plus antibacterial agent). Antimicrobial agents were prepared so that 0.1 ml of solution was added per ml of broth to give the desired concentrations. In the positive system or treatments with only one or two antimicrobial agents, water was added to maintain equivalent volumes. Antimicrobial agents were added to the incubation tubes before inoculating them with microbial fractionates.
After physical and chemical treatments, microbial populations were enumerated using a roll tube and microscopy, and the microbial markers were also detected. Total bacteria and fungal zoospores were enumerated microscopically with a glass slide using a modification of the procedures of Holdman et al. (13) . Viable cells were counted by the cell-or thallus-forming unit method for bacteria or fungi, respectively, using a roll tube (14, 38) with five replicates per dilution. Samples were also fixed in methylgreen formalin salt (MFS) solution and TBFS solution (distilled water, 900 ml; 35% formaldehyde solution, 100 ml; trypan blue, 2 g; NaCl, 8 g; dark blue solution) for the enumeration of dead or viable protozoa by the methods of Okimoto and Imai (27) . Protozoa fixed in MFS and TBFS solutions were appropriately diluted in the same solution and counted with a plankton counter desk glass by microscopy.
The determination of DAPA (2,6-diaminopimelic acid), AEP (aminoethylphosphonic acid), and chitin as microbial markers for bacteria, protozoa, and fungi was done according to the methods of Olubobokun et al. (28) , Julian and Czerkawski (19) , and Orpin (31), respectively.
Sampling and analysis. The degradation rate of Orchard grass cell wall material and enzyme activities were determined in triplicate for each treatment. Cultures were harvested after 12, 24, 36, 48, 72, and 96 h of incubation. Supernatant from each microbial culture was separated from sedimentable material by centrifugation at 3,000 rpm for 20 min. Supernatants from three replicate cultures were analyzed for enzyme activity. One-half milliliter of the supernatant (crude enzyme solution) was mixed with 0.5 ml of 1% carboxymethyl cellulose (CMC) solution in 0.05 M citrate buffer (pH 5.5). The reaction proceeded for 1 h at 55°C without shaking, and the reaction was stopped by boiling for 5 min. Boiled samples were centrifuged at 7,000 rpm for 5 min, and reducing sugar produced in the supernatants was measured colorimetrically by using the dinitrosalicylic acid method of Miller et al. (22) . One unit of enzyme activity was defined as the amount of enzyme that produced 1 mmol of glucose equivalent of reducing sugar per min. Xylanase activity was assayed with 1 ml of 2% (wt/vol) oat spelts xylan in 0.5 M potassium phosphate buffer (pH 6.5). Reducing sugar was assayed as described above. After treatment with 1 M NaOH at 100°C to remove adherent microorganisms, three rinses with absolute alcohol at 60°C, and two rinses in running distilled water, the pelleted cell wall material was dried to a constant weight at 78°C for 12 h and used to calculate the degradation rate of Orchard grass cell wall.
Statistical analysis was performed by using Duncan's new multiple range test according to the general linear model procedures of SAS (36) .
RESULTS
Microbial populations and markers in each microbial fraction obtained by the treatment of physical and chemical are presented in Tables 1 and 2 , respectively. Fungal populations existed in the bacterial and protozoal fractions in small amounts, but chitin was not detected in the bacterial and protozoal fractions. This result supported the idea that fractionation methods for separating of bacterial, protozoal, and fungal fractions were enough to proceed with the experiment. Time course analyses of the degradation rates of Orchard grass cell wall by mono-or cocultures of the various microbial fractions are presented in Fig. 2 . The various monocultural treatments used to evaluate the potential roles and relative contributions of bacterial, protozoal, and fungal fractions to the degradation of Orchard grass cell wall resulted in three distinct rates as follows: positive and F systems Ͼ B system Ͼ P and negative systems. The greatest overall degradation rate occurred in the positive and F systems (50.82 and 52.18%, respectively, after 96 h of incubation), indicating that fungal activity was potentially sufficient to account for all of the observed degradation. The bacterial fraction (B system) alone resulted in significantly (P Ͻ 0.05) less degradation after prolonged incubation (46% after 96 h incubation). The protozoal fraction (P system) alone did not degrade the cell wall material. Degradation (ca. 4 to 8%) also occurred in the negative system in the absence of microbial activity. Since the cell wall material contained no soluble components, this small amount of apparent degradation may be due to measuring errors.
The coculture systems (BϩP, BϩF, and PϩF) were used to assess the interactions of component microbial groups. In gen- eral, coculture systems showed a decrease in cellulolysis compared to the monoculture systems. The protozoal fraction seemed to inhibit the degradation rate of cell wall material by both the bacterial and the fungal fractions. In contrast, cocultures between the bacterial fraction and the fungal fraction seemed to display a synergistic interaction. Within all of the treatments, cell wall degradation was accompanied by a decrease in supernatant pH. The initial pH of the culture media was 6.67 Ϯ 0.01. After fermentation, the pH of the culture fluid from the positive, B, P, F, and negative systems were 6.23, 6.38, 6.55, 6.21, and 6.65, respectively. The pH values for the coculture systems of BϩP, BϩF, and PϩF were 6.41, 6.38, and 6.53, respectively (Fig. 2) . The pH values of the culture fluids from the P and negative systems were highest and did not change significantly throughout the incubation periods. These results indicated that the protozoal fraction cannot ferment Orchard grass cell wall extracts. The amount of reducing sugar in the culture medium increased throughout the incubation period, except for the protozoan monoculture. The high correlation coefficient (92.37%) between cell wall digestion and reducing sugar content in the culture supernatant suggests that reducing sugar was released from the cell wall material by microbial degradation (data not shown).
Measurement of endoglucanase (␤-1,4-glucan glucanohydrolase, EC3.2.1.4), activity was made with CMC as the assay substrate. The carboxymethyl cellulase (CMCase) activities of the culture supernatants for the positive and F systems were higher than that for the other monoculture systems, similar to the trend observed with cell wall degradation rates (Fig. 3) . The results also show that the amount of CMCase activity released from the bacterial fraction is not much greater than that released by the fungal fraction. CMCase activity was lowest in the protozoan fraction, except for the negative system. There was little or no activity (usually Ͻ5 mol ml Ϫ1 min Ϫ1 ) in the negative system. There was little or no activity (usually Ͻ5 mol ml Ϫ1 min
Ϫ1
) in the negative system. Xylanase production in the F system developed more rapidly and was higher than that in the B system (Fig. 4) . After 48 h of incubation, xylanase activity was 1.3 times higher than that of the B system. There was little xylanase activity (usually Ͻ20 mol ml Ϫ1 min Ϫ1 ) in the P system. CMCase activity was higher in the BϩF coculture system than in the other cocultures (i.e., the BϩP and PϩF systems). Coculture between the bacterial fraction and the fungal fraction (BϩF system) also increased xylanase activity to a level higher than that in the cultures of the bacterial or fungal fractions alone. Thus, increased cell wall-degrading enzyme (CMCase and xylanase) activity parallels the increase in cell wall digestion by microbial fractions.
DISCUSSION
Although the interactions that occur among the rumen microbes (bacteria, protozoa, and fungi) have been reviewed by Wolin and Miller (42) and interactions involved in fiber degradation have also been reviewed by Jouany (18) , the relative contributions of bacteria, protozoa, and fungi to cell wall degradation are still poorly understood. Ours is the first study conducted to assess the relative contribution to the overall process of cell wall digestion by microbial fractions in rumen fluids.
With the monocultures (i.e., the bacterial, protozoal, or fungal fraction alone), cellulolysis of Orchard grass cell wall by the bacterial fraction was significantly highest (P Ͻ 0.05) during the early stages of incubation, but cellulolysis by the fungal fraction was highest during the late stages of incubation. The protozoal fraction alone did not degrade the cell wall material. These results suggest that rumen bacteria quickly die and lyse after prolonged incubation and that anaerobic rumen fungi show a marked lag in their in vitro ability to degrade cell wall materials. The relative contributions of microbial fractions to the overall process of cell wall digestion are thus in the following order: fungal fraction Ͼ bacterial fraction Ͼ protozoal fraction. Although the rumen bacteria are believed to be responsible for most of the feed digestion in the rumen because of their numerical predominance and metabolic diversity (7), the results obtained in our study suggested that the contribution of the fungal fraction to cell wall degradation may greatly exceed that of the bacteria. The ability of the anaerobic fungi to penetrate deeply into plant tissues that are not normally accessible to bacteria (2) suggests that they have a special role in fiber digestion. In the present study, the ability of a fungal fraction to utilize cell wall components of plant material has been demonstrated. Fungal activity could potentially be sufficient to account for all of the observed degradation.
Onodera et al. (29) showed that mixed rumen protozoa participate in cellulose digestion in the rumen ecosystem with an endogenous 1,4-␤-glucanase. Coleman (8, 9, 10), Newbold et al. (26) , and Williams and Withers (41) suggested that as much as 62% of the cellulolytic activity associated with plant material in the rumen may be protozoal in origin. However, in our experiments, the protozoal fraction alone did not progressively degrade cell wall material. Protozoa are able to digest bacterial and fungal cells, nutrients from the culture medium, microbial fermentation products, and other protozoa. Small feed particles are also readily ingested by protozoa (11) . However, our results indicate that the protozoal fraction failed to uptake the insoluble large feed particles prepared for our experiments. We therefore may not have assessed the direct quantitative contribution of the protozoal fraction to cell wall degradation. Bacteria adsorb nutrients onto the cell wall and hydrolysis occurs at this site (40) . Hydrolysis of nutrients by the rumen protozoal fraction can occur intracellularly, and the factors affecting engulfment are more important. In future experiments, differences in the mechanisms by which different microorganisms access feed particles should be taken into account when assessing the relative contributions of each organism group to nutrient digestion. The relative contributions to cell wall digestion from the bacterial and protozoal fractions may be underestimated in our results since the substrate we used was composed of relatively large particles.
In the coculture systems (BϩP, BϩF, and PϩF) there was a decrease in cellulolysis compared to the monoculture systems. The protozoal fraction inhibited cellulolysis of cell wall material by both the bacterial and the fungal fractions. In the cocultures between bacteria and fungi, a synergistic interaction was detected.
The protozoal fraction alone did not progressively degrade the cell wall material in our experiments, and in coculture with either the bacterial fraction (BϩP system) or the fungal fraction (PϩF system) degradation was inhibited compared to the bacterial or fungal monoculture. In general, in the early stages (1 to 2 days) of incubation, differences in degradation rates were not marked, but as the incubation time increased the differences between the monocultures and cocultures became more pronounced. When the fungal fraction was incubated with the protozoal fraction, a steady decline in the degradation rate was observed, accounting for a 15.58% reduction at the end of the incubation period. These results differ from earlier studies. Yoder et al. (43) , for example, reported that the addition of washed rumen protozoa to a washed suspension of FIG. 4 . Xylanase activity (IU, mol of glucose min Ϫ1 ml
Ϫ1
) in the culture supernatants of a monoculture system to assess the relative contributions of digestion by bacterial (s), protozoan (OE), and fungal (}) systems with a positive system (F) as a control (A) and a mixed culture system to assess their interactions: BϩP (؉), BϩF (؋), and PϩF (F) systems with a negative system (E) as a control grown with Orchard grass cell wall as a substrates (B). Various microbial fractions were separated from bovine rumen fluids by physical and chemical treatments as shown in Fig. 1 (32) reported that anaerobic fungi and rumen protozoa may be complementary rather than competitive in a nature system. The negative effects observed in the BϩP and PϩF systems may be a consequence of the culture conditions used in our experiments. Another possible explanation is that fungal sporangium can be degraded by protozoal chitinolytic enzymes (23) , although these were not observed in the present study. Our results also indicated that controlling the population size in rumen protozoal fractions offers an opportunity for altering rumen fermentation and the productivity of ruminant animals. Anaerobic fungal numbers have been shown to increase in defaunated animals. Romulo et al. (34, 35) showed two-to fourfold increases in zoospores and zoosporangia of anaerobic fungi in defaunated sheep. Soetanto et al. (37) and Ushida et al. (39) found increased fungal populations in defaunated animals and observed increased digestion of the high-fiber diet fed to these animals. In contrast, Newbold and Hillman (25) observed only small increases in fungal zoospores in defaunated ruminants.
The rumen is a highly complex ecosystem that contains many different microbial species and has a great potential for intermicrobial associations. In interactions in the BϩP system, we observed a synergistic interaction by detecting higher enzyme activities in the BϩP system than in the fungal monoculture. Many relationships are known to exist among microorganisms in the rumen. Various workers have shown that anaerobic fungi interact with hydrogen-utilizing bacteria (3, 4, 12, 15, 16, 17, 21, 24, 33) . In the presence of hydrogen-utilizing bacteria such as methanogens, anaerobic fungi are more effective at degrading cellulose. However, in a more recent study on the interactions between anaerobic fungi and rumen cellulolytic bacteria, the bacteria were observed to inhibit the ability of fungi to hydrolyze cellulose (4, 5) . The inhibition of fungal activity is caused by an extracellular protein released by cellulolytic bacteria (5) .
It is well known that the enzymatic activities of fungi, combined with the particular penetrating growth of the rhizoidal system, leads to weakening and particle size reduction of plant cell walls (1, 3, 32) . Perhaps these activities contribute to the high rate of cell wall degradation observed in our study.
